A differential pulse polarographic method is proposed for the trace determination of bismuth and copper from large volumes of aqueous samples after adsorption of their 1-(2-thiazolylazo)-2-naphthol complexes onto microcrystalline naphthalene in the pH ranges of 7.2-9.0 and 4.0-7.8, respectively. Bismuth and copper are desorbed from microcrystalline naphthalene with 9 mL 1M HCl. Well-defined peaks are obtained at E p = -0.09 and -0.20 V versus a saturated calomel electrode, in an HCl-isoquinoline medium as the supporting electrolyte, for bismuth and copper, respectively. Bismuth is reduced reversibly with a 3-electron change, whereas copper is reduced irreversibly under these conditions. The detection limits are 55 ng/mL for bismuth and 91 ng/mL for copper. Linearity is maintained in the concentration ranges of 0.18-13.5 and 0.30-17.3 mg/mL for bismuth and copper, respectively, with corresponding correlation coefficients of 0.9996 and 0.9885. The relative standard deviations are 1.0% for bismuth at 2.0 mg/mL and 1.4% for copper at 5.0 mg/mL. Various parameters were optimized to develop conditions for the determination of these metal ions in various samples.
I nterest in the development of analytical techniques for the determination of bismuth and copper has been growing as a result of the rapid growth of their applications in electronics, pharmaceuticals, and chemical engineering (1) . Because of their low concentrations in various complex materials, a preconcentration step is often required before their determination. Metals may be preconcentrated by using various adsorbents, such as thiol cotton, modified silica, Amberlite, XAD-2 resin, cellulose, and various metal oxides and hydroxides (2) (3) (4) . Although the preconcentration factor achieved with some of these adsorbents is quite appreciable, the methods of preparation are lengthy and tedious. Solvent extraction, a simple and convenient method for separating and concentrating metal ions, has been widely used in combination with spectrophotometric, atomic absorption spectrometric, and electroanalytical determinations (5) (6) (7) .
The spectrophotometric determination of bismuth and copper after extraction of their complexes into various organic solvents not only lacks selectivity and sensitivity, but the preconcentration factor achieved is also low (8) (9) (10) (11) . Atomic absorption spectrometric methods are fairly selective (12, 13), but they are time consuming, because in many cases, the metal must be stripped back into the aqueous phase from the organic phase before it is determined. The preconcentration factor is low, and the reproducibility and sensitivity are also limited. The instrument is expensive, day-to-day maintenance is high, and the determination is not free from matrix effects.
Various electroanalytical methods such as polarography and stripping voltammetry are also reported in the literature for the determination of bismuth and copper (14) (15) (16) (17) . Unfortunately, electrochemical methods for the determination of reducible substances usually require the additional step of bubbling inert gas through the test solution to eliminate interference from dissolved oxygen. This results in evaporative loss of organic solvent and, thereby, an error in the determination. Moreover, in order to get a well-defined polarogram, the solvent should have a fairly high dielectric constant. In this regard, various researchers have mixed the organic phase, after extraction, with a solvent of high dielectric constant (18) (19) (20) . The deficiencies of the method are low sensitivity and a low preconcentration factor. Stripping voltammetric techniques may be sensitive but are not selective and reproducible (21, 22) . The erratic results may be due to surface saturation, formation of film on the surface of the working electrode, or formation of an intermetallic compound. These methods are also time consuming because of the prolonged deposition, stripping processes, and removal of dissolved oxygen with highly purified nitrogen.
1-(2-Thiazolylazo)-2-naphthol (TAN) has been widely used as a spectrophotometric reagent for the determination of metal ions (23) (24) (25) . However, its application in the field of electrochemistry for the preconcentration of metal ions has not yet been explored. The reagent is inexpensive, sensitive, and fairly selective and does not interfere in the polarographic determination of bismuth and copper.
In the present work, bismuth-TAN complex was adsorbed on microcrystalline naphthalene, whereas copper-TAN complex was adsorbed on microcrystalline naphthalene in the presence of sodium tetraphenylborate. The metal ions were subsequently desorbed from the solid mass with 9 mL 1M HCl and determined by differential pulse polarography in the presence of isoquinoline-HCl (1 + 9, v/v) as the supporting electrolyte. Various parameters were evaluated, and the developed method was applied to the determination of bismuth and copper in various materials. The proposed method was found to be rapid, fairly selective, and sensitive, and the preconcentration factor achieved was also high, as compared with other methods in the literature.
Experimental

Instruments
Polarograms were recorded with a 3-electrode Elico (Delhi, India) Model CL-90 pulse polarographic analyzer outfitted with a Model LR-108 X-Y recorder. The dropping mercury electrode and saturated calomel electrode (SCE) were used as the working and reference electrodes, respectively. The differential pulse polarograms were recorded with a scan rate of 12 mV/s; a drop time of 0.5 s, and a modulation amplitude of 50 mV. Cyclic voltammograms were recorded with a BAS (West Lafayette, IN) Model CV 27 cyclic voltammeter outfitted with an X-Y-T recorder, a mercury drop electrode as the working electrode, and an Ag/AgCl electrode as the reference electrode. All flame atomic absorption spectrometry (FAAS) measurements were made with an atomic absorption spectrometer Model 4129 (Electronic Corp. India Ltd., Hydrabed, India). The operating conditions for the FAAS determination of Cu and Bi, respectively, were: wavelength, 324.8 and 223.1 nm; slit bandwidth, 0.5 and 0.2 nm; lamp current, 3.5 and 10 mA; and acetylene pressure, 2.0 and 2.0 L/min. An Elico pH meter Model LI-612 with a combined glass-calomel electrode was used for pH measurements. All glassware was washed with concentrated sulfuric acid-nitric acid (1 + 1) before use.
Reagents
A Bi(III) stock solution at 1000 µg/mL was prepared by dissolving 2.3200 g Bi(NO 3 ) 3 ⋅5H 2 O in a minimum volume of concentrated HNO 3 , and the solution was diluted to 1000 mL with distilled water in a volumetric flask. A Cu(II) stock solution at 1000 µg/mL was prepared by dissolving 3.9300 g CuSO 4 ⋅5H 2 O in 1000 mL distilled water in a volumetric flask. Both solutions were standardized by known methods reported in the literature (26) . A 10 µg/mL working solution of each metal ion was prepared by diluting the stock solutions. TAN was procured from Sigma (St. Louis, MO) and was used without further purification. A 0.05% TAN solution was prepared in methanol and stored in an amber-colored bottle. Buffer solutions of pH 8.0 and 5.5 were prepared by mixing appropriate volumes of a 0.5M ammonia-ammonium acetate and acetic acid-sodium acetate solutions. A 0.5M isoquinoline solution was prepared in water in the presence of a few milliliters of concentrated HCl.
General Procedure
An aliquot of a solution containing 1.8-135.0 µg Bi(III) and an aliquot of a solution containing 3.0-173.0 µg Cu(II) were transferred to separate 150 mL conical flasks and each aliquot was diluted to ca 40 mL with distilled water. A 1 mL portion of 1% sodium tetraphenylborate solution was added to the Cu solution. The pH was adjusted to ca 8.5 for the Bi solution and to ca 5.5 for the Cu solution with HCl and NaOH solutions. Then a 2 mL portion of buffer solution of appropriate pH and 2 mL 0.05% TAN solution were added to the individual solutions of Cu and Bi. The solutions were allowed to stand for 3-5 min at room temperature to ensure complete complex formation. To each solution, 2 mL 20% naphthalene solution in acetone was added, with vigorous and continuous shaking for 2-3 min. The solid mass that formed, consisting of metal complex adsorbed on naphthalene, was filtered through a sintered glass filter. The metal ions were desorbed from the solid mass with 9 mL 1M HCl, and the solutions were then transferred to the polarographic cell. A 1 mL solution of 0.5M isoquinoline was added to each of these solutions, and they were thoroughly deoxygenated by purging nitrogen gas for 2-4 min before the differential pulse polarograms were recorded.
Results and Discussion
Preliminary observations indicated that Bi(III) and Cu(II) gave well-defined pulse polarograms in 1M HCl-isoquinoline medium with E p = -0.09 and -0.20 V versus SCE with peak half-widths of 30 ± 2 and 85 ± 3 mV, respectively ( Figure 1 ). The cyclic voltammograms of Bi in isoquinoline-HCl medium revealed that the difference between the cathodic peak potential and the anodic peak potential was 20 mV and the ratio of anodic peak current to cathodic peak current was approximately one. On the other hand, in the case of Cu, only the cathodic wave was obtained. These studies indicated that Bi was reduced reversibly in a 3-electron reduction, whereas Cu was reduced irreversibly under these conditions.
Reaction Conditions
The reaction conditions were established by using 20 µg bismuth and 50 µg copper taken individually. The bismuth-TAN complex was quantitatively adsorbed on microcrystalline naphthalene in the pH range 7.2-9.0. The copper-TAN complex was adsorbed in the pH range 4.0-7.8 in the presence of sodium tetraphenylborate on microcrystalline naphthalene (Figure 2) . It was observed that 0.3-4.5 mL 1% sodium tetraphenylborate was sufficient for the quantitative adsorption of the copper-TAN complex on microcrystalline naphthalene; 1 mL was used in the present work. It was observed that adsorption was quantitative for 0.5-6.0 mL 0.05% reagent solution; thus, 2 mL was recommended. However, when other interfering ions are also present along with bismuth and copper, excess TAN may be used.
The bismuth and copper complexes were desorbed completely with 9 mL 0.4-10M HCl. The peak heights and shapes of the differential pulse polarograms were found to be constant in the concentration range 0.4-3.0M HCl. Therefore, 9 mL 1.0M HCl was used for subsequent studies.
The amount of naphthalene (20% in acetone) was varied from 0.8 to 5.0 mL, and adsorption was performed by the general procedure. The adsorption was constant irrespective of the amount of naphthalene used; thus, in all the experiments, 2 mL 20% naphthalene solution was used.
It was observed that peak current was maximal and constant when the volume of the aqueous phase did not exceed 300 mL (preconcentration factor of about 30) for bismuth and 420 mL (preconcentration factor of about 42) for copper. Thus, in all experiments, 45 mL aqueous phase was maintained for convenience.
Preliminary information revealed that isoquinoline is much better than pyridine as the supporting electrolyte because it gives a well-defined polarogram for bismuth and copper, and at the same time fewer metal ions were reduced in it. It was also free of any odor, unlike pyridine.
Retention Characteristics of Adsorbent
It was observed that 100% retention of the copper-TAN complex on microcrystalline naphthalene took place only in the presence of sodium tetraphenylborate. This suggests that copper forms a positively charged complex with TAN that is . However, in the absence of sodium tetraphenylborate, only 62% retention of the copper-TAN complex took place on microcrystalline naphthalene (Figure 2) . The adsorption of the bismuth complex on microcrystalline naphthalene did not require any counter ion. As a result of this difference in adsorption behavior, it is possible to determine bismuth and copper in the presence of each other.
Retention Capacity of Adsorbent
The retention capacity of the adsorbent was determined by the batch method. The experiment was performed by individually taking 3000 µg bismuth and copper, 2 mL buffer solution, a suitable amount of reagent, and 40 mL water. This solution was transferred to a separatory funnel, a suitable amount of adsorbent was added, and the funnel was shaken on a mechanical shaker for about 30 min. The mixture was filtered, and the metals were determined in the filtrate. The solid mass separated by filtration was dried and weighed on a balance to determine the mass of the adsorbent. The retention capacities of bismuth and copper were 2.5 and 3.5 mg/g adsorbent, respectively.
Analytical Parameters
On the basis of the optimum conditions described above, calibration graphs were constructed according to the general procedure. The calibration graph for bismuth was linear over the concentration range 1.8-135.0 µg bismuth in 10 mL of the final solution of HCl-isoquinoline (9 + 1) with a correlation factor of 0.9996. The relative standard deviation of the 2.0 µg/mL bismuth solution was 1.0%. The detection limit (analyte concentration giving a signal-to-noise ratio of 3) of the method was 55 ppb. In the case of copper, the calibration graph was linear in the concentration range 3.0-173.0 µg copper in 10 mL of the final solution of HCl-isoquinoline (9 + 1) with a correlation factor of 0.9885. The relative standard deviation of the 5.0 µg/mL copper solution was 1.4%. The detection limit of the method was 91 ppb.
Effect of Diverse Ions
The effect of various salts of anions and cations on the adsorption and subsequently on the differential pulse polarograms of 20 µg bismuth and 50 µg copper were studied. The general procedure (complexation followed by preconcentration and subsequent determination by differential pulse polarography) was followed to study the effect of diverse ions on the individual determinations of bismuth and copper. The tolerance limit (error <3%) is given in Table 1 . Fe(III) can be tolerated to 0.5 mg after masking with sodium fluoride in bismuth and copper determinations. Fe(III), if present in higher amounts, was removed by pre-extraction in acetylacetone-chloroform (1 + 1) at pH 1. Cd(II) and Zn(II) could be tolerated in higher amounts in the determination of bismuth with the addition of 1 mL 1% sodium cyanide solution during the preconcentration step. Normally, if the pH of adsorption in the preconcentration step is not taken into consideration, bismuth and copper can only be tolerated in a 1:1 ratio. However, in the present method, with the control of pH at 5.5 for copper, bismuth is not adsorbed on the adsorbent in the presence of copper. In the determination of bismuth, sodium tetraphenylborate is not used for adsorption, and under such conditions the adsorption of the copper complex on naphthalene is almost negligible at pH 8.5, as indicated by the pH curve. Thus, it is possible to determine copper or bismuth in the presence of a 10-fold excess of the other. Alternatively, copper can also be masked with sodium cyanide and thus, tolerated up to an approximately 37-fold excess for bismuth determination. 
Analytical Applications
Determination of bismuth and copper in standard alloys.-A 0.1 g sample was weighed in a beaker. The sample was completely dissolved in 10 mL HCl-HNO 3 (1 + 1) by heating, and then 1 mL 30% (v/v) hydrogen peroxide was added. The excess peroxide was decomposed by heating the solution on a hot plate. The solution was cooled, filtered if needed, and adjusted to a known volume in a volumetric flask. An aliquot of the solution was analyzed by the general procedure. The results are given in Table 2 .
Determination of copper in pharmaceutical samples.-The tablet/capsule (one of either) was dissolved in 10 mL 70% perchloric acid. The solution was evaporated to dryness, digested with 5 mL 0.1M HCl, and filtered if needed. The solution was diluted to volume with water in a 100 mL volumetric flask. An aliquot of this solution was analyzed by the general procedure. The results are given in Table 3 .
Determination of bismuth and copper in environmental samples.-(a) Liquid environmental samples.-A 100-1000 mL portion of each environmental sample was taken, 10 mL concentrated nitric acid was added, and the solution was evaporated to dryness. The residue was dissolved in a minimum amount of 20% nitric acid and was made to a known volume in a volumetric flask. An aliquot of this solution was analyzed by the general procedure. The results are given in Table 4 . (b) Solid environmental samples.-The solid sample was dried in an oven at 200°C for 2 h. A requisite amount of the sample was taken and digested with 20% nitric acid to bring the metal ions from the sample into solution. The solution was filtered and made to a known volume in a volumetric flask. An aliquot of this solution was analyzed by the general procedure. The results are given in Table 4 .
Conclusions
A method has been developed for the determination of bismuth and copper by differential pulse polarography in the presence of HCl-isoquinoline as the supporting electrolyte.
Normally, Bi(III), if present in a ratio of 1:1 or greater, relative to copper, interferes with the determination of copper because the difference in their reduction potentials is about 0.1 V. In the present study, because of the difference in their retention characteristics, it was possible to determine one in the presence of the other. The copper-TAN complex is adsorbed on microcrystalline naphthalene in the presence of sodium tetraphenylborate, whereas sodium tetraphenylborate is not required for the retention of the bismuth complex. Moreover, because fewer metal ions are reduced in HCl-isoquinoline as the supporting electrolyte, the selectivity of the method is increased. The proposed method is selective, sensitive, and economical and has a large preconcentration factor, compared with other reported methods.
